White dwarfs whose atmospheres are polluted by terrestrial-like planetary debris have become a powerful and unique tool to study evolved planetary systems. This paper presents results for an unbiased Spitzer IRAC search for circumstellar dust orbiting a homogeneous and well-defined sample of 134 single white dwarfs. The stars were selected without regard to atmospheric metal content but were chosen to have 1) hydrogen rich atmospheres, 2) 17 000 K < T eff < 25 000 K and correspondingly young post main-sequence ages of 15-270 Myr, and 3) sufficient far-ultraviolet brightness for a corresponding Hubble Space Telescope COS Snapshot. Five white dwarfs were found to host an infrared bright dust disc, three previously known, and two reported here for the first time, yielding a nominal 3.7% of white dwarfs in this post-main sequence age range with detectable circumstellar dust. Remarkably, complementary HST observations indicate that a fraction of 27% show metals in their photosphere that can only be explained with ongoing accretion from circumstellar material, indicating that nearly 90% of discs escape detection in the infrared, likely due to small emitting surface area. This paper also presents the distribution of disc fractional luminosity as a function of cooling age for all known dusty white dwarfs, suggesting possible disc evolution scenarios and indicating an undetected population of circumstellar discs.
INTRODUCTION
The field of exoplanetary research is one of the most rapidly expanding subjects in astrophysics. The large number of new discoveries made in the past 20 years have led to swift progress and a preliminary characterisation of the Galactic planet population. Current detection techniques enable estimates of exoplanet radius and mass, using mainly the transit and radial velocity methods, but density alone does not yield a unique solution for the bulk composition of the planet (Adams, Seager & Elkins-Tanton 2008; Valencia, Sasselov & O'Connell 2007) . Transit spectroscopy can also provide some insights into the composition of exoplanets atmospheres (Grillmair et al. 2007; Tinetti et al. 2007) but to date has proved difficult.
In this context, white dwarfs offer a unique laboratory to study exoplanetary compositions. It is now clear that planetary systems around Sun-like and intermediate-mass stars survive, at least in part, the post-main sequence phases E-mail: m.rocchetto@ucl.ac.uk † STFC Ernest Rutherford Fellow of their hosts . Compelling evidence comes from metal polluted white dwarfs that commonly exhibit closely orbiting circumstellar dust (and sometimes gas) discs originating from the disruption of large asteroids or planetesimals von Hippel et al. 2007; Gänsicke et al. 2006; Becklin et al. 2005; Zuckerman & Becklin 1987 ).
Owing to high surface gravity and negligible radiative forces, heavy elements sink on relatively short timescales within the atmospheres of relatively cool (T eff 25 000 K) white dwarfs if compared to the evolution timescales (Paquette et al. 1986; Fontaine & Michaud 1979) and hence the presence of metals in the atmospheres of cool degenerates must be a sign of recent external accretion (Zuckerman et al. 2003) . The source of this accreting material was initially attributed to the interstellar medium Dupuis et al. 1992) or comets (Alcock, Fristrom & Siegelman 1986 ), but both theories had trouble in explaining the high and ongoing accretion rates found at hydrogen dominated white dwarfs (Zuckerman et al. 2003) . Today accretion from circumstellar material, resulting from the disruption of large asteroids or minor planets, is, by far, the most compelling explanation for atmospheric metals seen at a large fraction of cool white dwarfs (Veras et al. 2013; Jura 2003) .
Metal enriched white dwarfs have become a powerful tool to indirectly analyse the composition of exoterrestrial planetary matter, as their photospheres in principle mirror the composition of the accreted material. As an example of this technique, it was demonstrated that the relative abundances of 15 heavy elements in the atmosphere of GD 362 reflect the composition of a large asteroid that was similar in composition to the bulk Earth-Moon system . Notably, ultraviolet and optical spectroscopy have shown that metal-contaminated degenerates are, in general, refractory-rich and volatile-poor Klein et al. 2010; Desharnais et al. 2008; Dufour et al. 2007; Wolff, Koester & Liebert 2002) , while infrared spectroscopy reveals that the circumstellar dust itself is silicate-rich and carbon-poor Reach et al. 2009 Reach et al. , 2005 , and thus similar to materials found in the inner Solar System (Lodders 2003) . Furthermore, a circumstellar disc that resulted from the destruction of a rocky and water-rich extrasolar minor planet was identified around the white dwarf GD 61 (Farihi, Gänsicke & Koester 2013) , demonstrating the existence of water in terrestrial zone planetesimals that could play an important role in delivering water to the surface of planets.
Detailed modelling of the infrared excesses found at a fraction of metal polluted white dwarfs suggests that the circumstellar dust is arranged in the form of an optically thick but geometrically thin disc, with similar properties to the rings of Saturn (Rafikov & De Colle 2006; Jura 2003) . These rings of warm dust are situated within the Roche limit of their host star, as also confirmed by the emission profiles of gaseous debris discovered at several dusty white dwarfs Brinkworth et al. 2009; Gänsicke et al. 2006) . There is substantial theoretical support for disc creation via tidal disruption of post-main sequence planetary systems, perturbed by unseen planets (Veras et al. 2014 (Veras et al. , 2013 Debes & Sigurdsson 2002) . The transition from disruption to disc is still poorly understood but there are good models for the evolution of these metal dominated discs (Frewen & Hansen 2014; Debes, Walsh & Stark 2012; Metzger, Rafikov & Bochkarev 2012; Bonsor, Mustill & Wyatt 2011) .
After nearly a decade of dust disc discoveries at metal enriched degenerates, the statistical frequency of the phenomenon still suffers from significant observational biases. While the fraction of metal polluted white dwarfs that are currently accreting has been constrained by several unbiased surveys to about 20-30% (Koester, Gänsicke & Farihi 2014; Zuckerman et al. 2010 Zuckerman et al. , 2003 , surveys aiming to detect infrared bright dust discs at white dwarfs suffer from considerable biases. The first searches for infrared excesses targeted relatively cool (T eff 25 000 K) stars known to be metal-polluted (Farihi et al. 2010; Jura, Farihi & Zuckerman 2007; Debes, Sigurdsson & Hansen 2007) , and this approach does not permit robust statistics of disc frequency over the entire white dwarf population. With little restriction of stellar effective temperature, wide field surveys such as SDSS, UKIDSS, and WISE have found disc frequencies between 0.4 and 1.9% (Girven et al. 2011; Steele et al. 2011; Debes et al. 2011b ). On the other hand, more sensitive Spitzer observations of K-band bright white dwarfs, without regard to stellar temperature, resulted in a nominal disc frequency of 1.6% . A higher frequency of 4.5% was obtained by Barber et al. (2012) , by targeting stars in a restricted temperature range where dust detections were expected based on prior surveys. Moreover, the observed sample was fragmented over several instruments and hence the result is difficult to compare with other surveys.
In order to determine definite statistics of the frequency of infrared bright discs at white dwarfs, this paper presents Spitzer observations of a well defined sample of 134 young DA white dwarfs in the temperature range 17 000 K < T eff < 25 000 K. Metal abundances for 85 of the stars were also determined in a complementary Hubble Space Telescope COS Snapshot program (Koester, Gänsicke & Farihi 2014) , and permit the first unbiased statistics of the frequency of circumstellar discs at young white dwarfs.
Section 2 describes the sample selection criteria and Spitzer photometry, Section 3 discusses how the spectral energy distributions of the sample stars were obtained and describes those with detected discs. Sections 4 and 5 present the derived disc frequency in the context of complementary HST ultraviolet observations and previous surveys, and Section 6 discusses the distribution of the fractional disc luminosity for all known dusty white dwarfs. Section 7 presents notes on the individual objects, and Section 8 gives a short conclusion.
OBSERVATIONS

Sample selection
The sample of hydrogen dominated white dwarfs was selected from the catalogues compiled by Liebert, Bergeron & Holberg (2005) and Koester et al. (2009) , who performed model atmosphere analyses based on optical spectroscopy, providing effective temperature, surface gravity, mass and cooling age. The only criteria for selection were 1) 17 000 K < T eff < 25 000 K and corresponding young cooling ages of 15-270 Myr, 2) predicted fluxes F λ (1300Å) > 5 × 10 −14 erg cm −2 s −1Å −1 for the corresponding HST COS Snapshot survey. As such, the selection was performed only for temperature and brightness, resulting in an unbiased sample of 134 DA young single white dwarfs. The distributions of the fundamental stellar parameters are shown in Figure 1 .
Spitzer observations
A total of 100 sample stars were observed between 2012 May and October in the 3.6 and 4.5 µm bandpasses using the Infrared Array Camera (IRAC; Fazio et al. 2004 ) onboard the Spitzer Space Telescope (Werner et al. 2004) as part of Program 80149
1 . An exposure time of 30 s was used 1 Five stars were also observed as part of the same Program but are not included in this study. The white dwarf 1929+012 was observed as an ancillary target (see Section 7.2) while four white dwarfs (0933+025, 1049+103, 1335+369, 1433+538) initially considered to be single stars and included in the original sample were found to host unresolved M dwarf companions and were therefore Koester et al. (2009) , and V -band magnitudes are taken from the AAVSO Photometric All-Sky Survey (APASS). Final white dwarf mass M wd and cooling age are derived using evolutionary cooling sequences (Fontaine, Brassard & Bergeron 2001) ; the initial main-sequence progenitor mass Mms is derived from M wd and the initial-to-final mass relation (Kalirai et al. 2008 ). The entire sample of white dwarfs is shown with the unfilled histograms, while the degenerates with infrared detected discs are shown in grey.
for each individual frame, with 20 medium-size dithers in the cycling pattern, resulting in 600 s total exposure time in each warm IRAC channel. The remaining 34 sample stars were previously observed during either the cold or warm mission, and their archival data were analysed.
The analysis of all targets was performed using the 0. 6 pixel −1 mosaics (Post-Basic Calibrated Data) processed by the IRAC calibration pipeline version S 18.25.0 which produces a single, fully processed and calibrated image. Aperture photometry was performed using the point source extraction package apex within mopex (Makovoz et al. 2006 ) and an aperture radius of 4 pixels with a 24-40 pixels sky annulus. Fluxes were corrected for aperture size, but not for colour. For blended sources, point response function (PRF) fitting was performed on the Basic Calibrated Data frames, using the package apex multiframe within mopex. Fluxes obtained with PRF fitting were compared with the daophot PSF fitting routine within iraf for a representative sample, and led to consistent results to within 4%, and always within the relative uncertainties. The measured flux uncertainty was computed by apex and include the source photon noise and the variance in sky background. A 5% calibration uncertainty is conservatively added in quadrature to all IRAC fluxes. The flux determinations and uncertainties excluded. Infrared fluxes for these four binaries are reported in the Appendix.
for the science targets, together with the physical parameters of the stars, are reported in the Appendix.
Additional near-infrared observations
Independent JHKs photometry was also obtained for five targets (Table 1 ). The stars were observed in 2011 October with LIRIS (Manchado et al. 1998) (Hunt et al. 1998) were observed each night for flux calibration. The data were reduced using standard aperture photometry with the iraf task apphot. The flux calibration for all nights was good to 5% or better.
DATA ANALYSIS
The spectral energy distributions (SEDs) of the sample stars were constructed with additional short wavelength photometry from a variety of catalogues, including Sloan Digital Sky Survey (SDSS; Ahn et al. 2012) , AAVSO Photometric AllSky Survey (APASS; Henden et al. 2009) et al. 1999) . Additional near-infrared fluxes for a few targets were also obtained from the literature (Barber et al. 2012; Farihi 2009 ).
The available optical and near-infrared fluxes were fitted with pure hydrogen white dwarf atmosphere models (Koester 2010) , kindly provided by the author. The fit was computed by matching the optical and near-infrared bestquality photometric data points with a model spectrum with log g = 8 and effective temperature obtained from Liebert, Bergeron & Holberg (2005) or Koester et al. (2009) , approximated to the closest available model. The LevenbergMarquardt minimisation algorithm was used to find the best scaling factor.
Stars with infrared excesses
Amongst the 134 sample stars, a total of five white dwarfs show a significant (> 4σ) excess in the IRAC bands: 0843+516, 1015+161, 1457-086, 1018+410, and 2328+107. The first three stars have known infrared excesses (Xu & Jura 2012; Jura, Farihi & Zuckerman 2007) and are also known to be metal polluted Koester et al. 2005) , while the infrared excesses at 1018+410 and 2328+107 are reported here for the first time. The presence of a significant excess at the ancillary target 1929+012 (Melis et al. 2011; Debes et al. 2011b; Vennes, Kawka & Németh 2010 ) is also confirmed. This target, which is not part of the statistical sample, is discussed separately in Section 7, together with notes on individual excesses. The infrared excesses were individually modelled as thermal continua using an optically thick, geometrically thin disc (Jura 2003) . Stellar, substellar or planetary companions, and background contamination were confidently ruled out as the excess emission is either too strong or the infrared colours are not compatible. The white dwarf radius was estimated from evolutionary models (Fontaine, Brassard & Bergeron 2001) while the distance was derived using synthetic absolute photometry (Holberg & Bergeron 2006 ) compared with available optical and nearinfrared magnitudes. Fluxes at 7.9 µm were excluded from the fits as these are often contaminated by a strong, 10 µm silicate emission feature, as seen in e.g. GD 362 ) and G29-38 (Reach et al. 2005) .
The free parameters in the disc model are the inner disc temperature Tin, the outer disc temperature Tout, and the disc inclination i. The radius of the disc at these temperatures can be easily estimated and is proportional to T −3/4 (Chiang & Goldreich 1997) . In the absence of longer wavelength photometry extending to 24 µm, these three free parameters cannot be well constrained (Jura, Farihi & Zuckerman 2007) . A modest degree of degeneracy is found between the inclination and the radial extent of the disc, especially for subtle excesses (Bergfors et al. 2014; Girven et al. 2012) . While the inner disc temperature and radius can be well constrained by the 3.6 µm emission, a large set of outer radii and disc inclinations can equally fit the longer-wavelength excess (see e.g. Jura, Farihi & Zuckerman 2007) . Two sets of representative models are therefore presented for each star with infrared excess, one corresponding to a relatively wide disc at high inclination and one to a more narrow ring at low inclination. An algorithm for bound constrained minimisation was used to estimate the best fit parameters in both cases. Figure 2 shows the modelled and photometric SEDs of the dusty white dwarfs, and Table 2 gives the fitted disc parameters for the two sets of models. It can be seen that the outer radii of the model discs are all located within the Roche limit of the star (≈ 1.2 R ) where planetesimals larger than ≈ 1 km would be tidally destroyed. Moreover, the acceptable values for the inner disc temperatures are in agreement with the temperature at which solid dust grains rapidly sublimate in a metal-rich and hydrogen-poor disc (Rafikov & Garmilla 2012) . It is interesting to notice that all models with larger radial extent require improbably high inclinations, all greater or equal to 85
• (Table 2 ). Because it is highly unlikely for all the inclinations to be so confined, most if not all these discs must actually be relatively narrow. Section 6 discusses this evidence in greater detail.
THE FREQUENCY OF CIRCUMSTELLAR DEBRIS
Five of 134 sample stars translates to a nominal excess frequency of 3.7% for post-main sequence ages of 15-270 Myr.
The degenerates in the sample largely descend from 2-3 M A-type stars (Figure 1 ), and thus 3.7% is a lower firm limit for the fraction of such main-sequence stars that form large, Table 2 . Stellar atmosphere models are plotted as dot-dashed lines. Dashed lines represent emission from optically thick disc models, and solid lines represent the sum of the stellar and disc model fluxes. Two disc models are plotted for each star, one corresponding to highly inclined discs (blue), one to narrow rings (red). Circle symbols with error bars represent optical and infrared photometry, including IRAC fluxes.
rocky planetesimals and hence planets. However, complementary HST COS observations demonstrate that at least 27% of white dwarfs with diffusion timescales of only a few weeks have photospheric metals that require ongoing accretion of a circumstellar reservoir. These findings clearly indicate that the actual fraction of debris discs at white dwarfs is almost an order of magnitude higher, with nearly 90% of discs emitting insufficient flux to be detected by the current infrared facilities, such as Spitzer.
Complementary HST COS observations
The entire sample of 134 stars observed with Spitzer was also approved as an HST COS Snapshot program. Snapshot targets are observed during gaps between regular guest observer programs, and a total of 85 of the 134 white dwarfs were observed between 2010 September and 2013 February within programs 12169 and 12474. The results of the HST survey itself are published elsewhere (Koester, Gänsicke & Farihi 2014) , and these are summarised briefly here. It was found that amongst these 85 stars, 56% display atmospheric metals: 48 exhibit photospheric Si, 18 also show C, and 7 show further metals. The analysis indicated that for 25 stars the metal abundances may be explained by radiative levitation alone, although accretion has likely occurred recently, leaving 23 white dwarfs (27%) that exhibit traces of heavy elements that can only be explained with ongoing accretion of circumstellar material, in agreement with previous estimates (Zuckerman et al. , 2003 . Spitzer observations of the 85 star subsample with HST data show that, amongst the 23 metal polluted white dwarfs that are currently accreting, there are two that exhibit detectable infrared excesses: 0843+516 and 1015+161. The co-observed subsample thus translates to approximately 10% of metal-enriched stars exhibiting detectable dust, indicating that about 90% of debris discs escape detection in the infrared. As expected, no infrared excesses are confidently found in the subsample of non-metal bearing degenerates observed with HST, strongly supporting the connection between infrared excesses and metal pollution. Possible reasons for the apparent lack of infrared disc detections are still a matter of debate. The collective data for the known circumstellar discs at hydrogen dominated white dwarfs indicate that the DA degenerates with the highest accretion rates are significantly more likely to host an infrared detectable circumstellar disc (Xu & Jura 2012; Jura, Farihi & Zuckerman 2007) . The infrared excesses at 0843+516 and 1015+161 confirm this trend, as they both have the highest inferred Si accretion rates amongst the HST sample stars (3.6 × 10 7 g s −1 and 5 × 10 6 g s −1 respectively). This is consistent with a picture where white dwarfs accreting at the highest rates require the most massive and highest surface density discs, which are more likely to be detected in the infrared. One possible explanation for the dearth of infrared excesses is that mutual collisions may be enhanced in low surface density discs, and result in the partial or complete destruction of dust grains (Jura, Farihi & Zuckerman 2007) . A related possibility is increased, collisional grain destruction due to the impact of additional, relatively small planetesimals on a pre-exiting dust disc (Jura 2008) . This may explain the lower frequency of infrared excess detections at older and cooler white dwarfs (Bergfors et al. 2014 , see also Section 6), as the depletion of the reservoir of large asteroids for older white dwarfs would imply that smaller planetesimals are primarily accreted. In contrast, this work corroborates the interpretation that the lack of infrared excess detections at a large fraction of metal polluted white dwarfs is largely caused by the small total emitting surface area of dust grains, which implies a very low infrared fractional luminosity and hence undetectability with the current instrumentation. Sections 4.2 and 6 provide evidence supporting this hypothesis.
Hidden subtle excesses in the DAZ sample
Thanks to the large number of stars observed as part of this Spitzer survey, one can investigate the possibility that some DAZ white dwarfs have an infrared excess that is just below the current sensitivity limit. The distribution of excess and deficit infrared fluxes with respect to the model fluxes demonstrates a correlation between subtle infrared excesses and atmospheric metals indicating a population of tenuous circumstellar discs.
The observed excess and deficit fluxes with respect to the model flux at different wavelengths were expressed as a fraction of the photometric and model uncertainties, and were quantified by an excess significance, defined as:
where F obs and F model are the observed and photospheric model fluxes respectively, and similarly for the uncertainties, σ obs and σ model . The excess significance values were derived for each star in the subsample of 85 degenerates that have both Spitzer and HST observations. Two subgroups were created, one containing non-metal lined (DA) white dwarfs only and one containing degenerates exhibiting atmospheric metals (DAZ) only. All stars that show Si absorption in their spectra -including those whose metals can be explained by radiative levitation alone -were included in the DAZ sample, as these stars have likely accreted circumstellar material recently (Koester, Gänsicke & Farihi 2014 ). The DA sample consists of 32 stars observed at 3.6 µm and 38 stars at 4.5 µm, while the DAZ sample consists of 34 stars observed at 3.6 µm and 45 stars at 4.5 µm. The differences in the subsample sizes are due to the lack of IRAC observations in channel 1 or 2 for some stars whose data were taken from the Spitzer archive. Infrared excesses that have χ > 4 and cases of strong contamination from nearby sources were excluded. The excess significance values were then plotted in separate histograms, for fluxes measured at 3.6 µm and 4.5 µm. The resulting four histograms are shown in Figure  3 . It is important to stress that statistically confident excesses are defined for χ > 4, corresponding to a significance level of 4σ. An excess with 1.5 < χ < 4 can be defined as a candidate subtle excess, which cannot yet be confirmed with confidence. However, one can test the observed distribution of all χ < 4 for each subsample of DA and DAZ stars observed at 3.6 µm and 4.5 µm against expectations.
The number of candidate subtle excesses with χ > 1.5 and their expected values were computed for each of these subsamples, and these are shown in Figure 3 . The expected values were inferred assuming no correlation between atmospheric metals and infrared excesses and were computed in the following way. The observed excesses were randomly distributed in two subsamples equal in size to the observed DA and DAZ subsamples, at 3.6 and 4.5 µm. This computation was repeated 1000 times, and the average number of stars with χ > 1.5 and its standard deviation were used as estimates. Interestingly, departure from expectations was found. In the DA sample there is only one candidate excess at 4.5 µm, while the expected number is 1 ± 1 at 3.6 µm and 4 ± 1 at 4.5 µm. In contrast, the bulk of candidate excesses are found in the DAZ sample, where four and eight χ > 1.5 values were found at 3.6 µm and 4.5 µm, while the expected numbers are 2 ± 1 and 5 ± 1 respectively. This apparent correlation between atmospheric metals and subtle infrared excesses, especially at longer wavelengths, may reinforce the idea that most if not all circumstellar discs at metal polluted white dwarfs harbour dust that emits in the infrared, but its signature is too subtle to be detected with the current instrumentation.
COMPARISON WITH PREVIOUS SURVEYS
In this section the frequency of infrared excesses at white dwarfs derived in this work is compared with previous surveys.
Implementing a ugriz colour selection valid for T eff > 8000 K, Girven et al. (2011) selected 1884 DA white dwarf candidates from the SDSS DR7 catalogue spatially crosscorrelated with the UKIDSS catalogue, and found an 0.8% of infrared bright disc candidates. This frequency includes a correction for the contamination of hot stars and subluminous B stars. Amongst the photometrically selected stars, about 1000 white dwarfs were further identified spectroscopically. Restricting this sample to the effective temperature range of the COS/IRAC survey it was found that for T eff = 17 000 − 25 000 K a fraction of 6.2% have infrared excesses. This frequency is higher than that derived from this Spitzer survey, but includes non-discs such as low mass stellar and substellar companions and closely aligned background sources. Similarly, Steele et al. (2011) identified 811 DA white dwarfs with T eff < 100 000 K in common between SDSS DR4, or McCook & Sion (1999) catalogues, and UKIDSS. It was found that only three stars have a K-band excess consistent with a debris disc, translating to a nominal frequency of 0.4%. Direct comparison with this work is not possible, due to the disparate effective temperature regimes and the lack of on-line data. Mid-infrared photometry from the WISE mission, cross-correlated with the preliminary SDSS DR7 white dwarf catalogue, resulted in ≈ 18 000 targets and 52 dust disc candidates (Debes et al. 2011b ). This sample had no restriction in effective temperature and the authors calculate a disc frequency of 1.5% ± 0.6%, including T eff > 25 000 K stars for which discs have never been confirmed.
These frequencies should be considered with care, as disc candidates often need to be confirmed with additional data. For instance, Spitzer observations of six disc candidates from Girven et al. (2011) reveal that only five of the excesses are confirmed at longer wavelengths, and only three are due to dust discs ). Prior Spitzer observations also show that roughly 50% of dusty white dwarfs show an excess in K-band (Farihi et al. 2010 ). Lastly, excess photometric fluxes detected with WISE need additional confirmation, as the 6 − 7 arcsec beam is readily contaminated by background sources. It is also worth noting that, although many WISE disc candidates might be spurious, it is likely that all white dwarfs with bright dust discs have been discovered for the bulk of known white dwarfs (Hoard et al. 2013) . Mullally et al. (2007) presented the first unbiased Spitzer surveys of white dwarfs in search of infrared excesses. A brightness limited sample of 135 single stars from McCook & Sion (1999) and with Ks < 15 mag in 2MASS was selected to be observed at 4.5 and 7.9 µm. Infrared fluxes were successfully measured for 124 of these, and only two showed significant excess due to dust, yielding a frequency of 1.6%. The sample stars have a large temperature range, extending to hot effective temperatures at which solid dust grains rapidly sublimate within the Roche limit of the star. This brightness limited sample was naturally diverse in effective temperature, stellar mass, and atmospheric composition, making it problematic to compare with other surveys. Barber et al. (2012) report a 4.3% frequency of discs at DA white dwarfs but this result contains biases due to 1) the method used to select the statistical sample and 2) the strategy to detect the discs. A total of 117 single white dwarfs with T eff = 9500 − 22 500 K were selected from the Palomar Green (PG) Survey (Green, Schmidt & Liebert 1986 ), but the authors did not provide details on the actual selection.
There are in fact 145 single degenerates in the PG catalogue in this temperature range, and all of these stars should have been considered for an unbiased frequency. The frequency reported is also significantly higher than that found by other surveys, especially considering the preliminary K-band excess selection method. As mentioned previously, only about half of known dusty white dwarfs have a K-band excess (Farihi et al. 2010) , and this 4.3% frequency represents only a lower limit. This means that excesses that show their signature beyond 2.2 µm have likely been missed. Indeed, one of the stars in the Barber et al. (2012) sample, PG 2328+108, was observed as part of this Spitzer survey, and a subtle excess was confidently detected (see Figure 2) . It is also worth noting that 2MASS photometry becomes unreliable for sources fainter than Ks ≈ 14 mag (Farihi 2009; Hoard et al. 2007 ) and most of their 39 stars with only 2MASS photometry are fainter than this limit. Finally, four previously known dusty white dwarfs (1015+161, 1116+026, 1457-086 and 2326+049) were included in the sample of 117 stars, but were not followed-up photometrically or spectroscopically, and were assumed to have discs a priori. This can introduce a strong bias in disc frequency, as two of these discs (1015+161, 1116+026) do not actually have detectable Kband excess (J − K = 0.01 ± 0.10 and J − K = 0.08 ± 0.10 respectively) and would have been missed if not previously known.
Despite these issues, it is worth trying to derive a robust lower limit for the frequency of detectable discs in the PG catalogue. Considering the infrared excess discovered at 2328+108, together with the other five known infrared excesses detected in the complete PG sample of 145 stars with T eff = 9500 − 22 500 K, a lower limit for the disc frequency in this temperature range is 4.1%. Note that other subtle infrared excesses might still be present, as not all 145 stars have Spitzer observations. Restricting the range of effective temperatures to T eff = 17 000 − 22 500 K allows direct comparison with this work. There are 96 stars and five infrared excesses in this temperature range in the sample analysed in this study, translating to a 5.2% frequency. Similarly, there are three infrared excesses amongst 50 stars in the PG sample with T eff = 17 000 − 22 500 K, yielding a frequency of 6%. For comparison, Girven et al. (2011) found a higher fraction of 6.9% K-band excesses in this temperature range, but this frequency does not take into account contaminant sources.
THE FRACTIONAL LUMINOSITY OF DUST DISCS
Here it is shown that the distribution of the disc fractional luminosities (τ = LIR/L * ) for the sample of known dusty white dwarfs reinforces the interpretation that a large fraction of circumstellar discs remain undetected in the infrared and may also provide insight into their evolution. The value of fractional luminosity of all known infrared excesses at cool white dwarfs was estimated in a consistent manner. The photospheric flux was fitted as described in Section 3 and a blackbody distribution was then fitted to the infrared excesses seen in the K-band and the three shortest wavelength IRAC bandpasses. The mid-infrared fluxes were all measured with Spitzer IRAC and were obtained from Farihi et al. (2010) (2) (2012) (14) Jura, Farihi & Zuckerman (2007) the literature and this work. Although a precise estimate of τ requires detailed modelling of the photospheric and disc flux, the values reported here are estimated to be good to 10%. Independently measured values for 18 discs known as of mid-2010 agree to within 10% (Farihi 2011) . Note also that τ is the observed fractional luminosity and it does not take into account the disc inclination, which cannot be determined confidently (Section 3.1). The fractional luminosity τ and the blackbody dust temperature TIR for all 35 Spitzer detected white dwarfs with infrared excesses are listed in The two lines lines show the predicted fractional luminosity for a face on, opaque flat disc with radial extent given by assuming dust grains persist up to 1500 and 1800 K and extend up to 1.0 R and 1.2 R . The dotted line is for T in = 1500 K and rout = 1.0 R , while the dashed line is for T in = 1800 K and rout = 1.2 R . The top panel shows the histogram of the number of infrared excesses as a function of cooling age, while the right panel shows the histogram of τ with 20 bins between 0 and 3%. The bottom panel shows the ratio between the infrared fractional luminosity of all known dusty white dwarfs and the predicted maximum fractional luminosity for a flat, passive disc, assuming T in = 1500 K and rout = 1.0 R . The light grey symbols have t cool < 200 Myr, while the dark grey symbols have 200 Myr < t cool < 700 Myr. The bottom-right panel shows the cumulative histograms of τ /τ flat for the light and dark grey target subsets, and the expected distributions for random inclinations are shown as dotted and dashed lines respectively. Figure 3 .
An undetected population of subtle excesses
The right hand histogram of the middle panel of Figure 4 shows the distribution of τ , with 20 bins between 0% and 3%. It can be seen that the distribution rises sharply at the smallest fractional luminosities indicating that the majority of circumstellar discs are subtle. This suggests that many discs might have a fractional luminosity that is below the sensitivity limits of the current instrumentation and therefore escape detection. Together with the likely presence of several additional subtle excesses seen in this Spitzer sample (see Section 4.2), the distribution of τ points to a large population of subtle excesses, suggesting that most if not all, currently accreting white dwarfs with metals have circumstellar dust. This significant population of dust discs are not detectable with current facilities, likely due to low surface areas and optical depth.
Narrow rings at young white dwarfs
The central panel of Figure 3 shows τ as a function of cooling age. The two lines represent the value of the maximum fractional disc luminosity τ flat for a flat disc model (Jura 2003 ) with a face-on configuration. This value was calculated assuming that the dust occupies all the space available between the distance from the star at which dust grains rapidly sublimate and the stellar Roche limit. The two lines correspond to two different assumptions about the maximum disc extent. The dotted line assumes that silicates rapidly sublimate at Tin = 1800 K and the stellar Roche limit is rout = 1.2 R , while the dashed line assumes Tin = 1500 K and rout = 1.0 R .
From the central panel it can be seen that infrared excesses have so far only been detected at white dwarfs older than ≈ 25 Myr, and with corresponding T eff 25 000 K. This is somewhat expected, as at higher stellar temperatures, any disrupted asteroids debris will evaporate relatively quickly, so that their detection is less likely. However, the calculations done here and shown in the plot indicate that optically thick discs may exist at higher effective temperatures and cooling ages. Such discs would likely evolve more rapidly (Rafikov 2011) , and have a higher gas to dust ratios from sublimation prior to settling into optically thick rings.
As the white dwarf cools below 25 000 K the distance at which silicates rapidly sublimate decreases. Hence, the area available for dust grains increases, so that the disc luminosity should increase as well. However, the expected increase assuming that discs are fully extended (shown by the two lines in the central panel of Figure 3 ), is not seen in the observed fractional luminosities. Between 25 Myr and 200 Myr there are 17 dusty white dwarfs, all with fractional luminosities significantly less than the maximum value allowed for flat discs. This suggests that, at these young white dwarfs, large and extended discs do not form, or only persist for timescales significantly shorter than the disc lifetime.
This finding can be better explored and tested in the bottom-left panel of Figure 4 , showing the ratio τ /τ flat for Tin = 1500 K and rout = 1.0 R as a function of cooling age. Supposing that discs are fully extended, and assuming random inclinations, the distribution of τ /τ flat should be uniform between 0 and 1. However, this does not seem to be true, especially for white dwarfs younger than 200 Myr and older than 700 Myr. To better explore if discs have different radial extents at different ages it is useful to consider two cooling age ranges separately, for t cool < 200 Myr (light grey symbols) and for 200 Myr < t cool < 700 Myr (dark grey symbols). It can be seen that:
1) At t cool < 200 Myr discs have a maximum fractional luminosity which is about 2/5 of that expected. The light grey cumulative histogram in the bottom right panel of Figure 3 is clearly inconsistent with a uniform distribution that assumes random inclinations of discs (shown as a dotted line), peaking at τ /τ flat ≈ 0.35. A remote possibility is that all these discs are highly inclined, but this is improbable. A disc with an inclination i > 0
• will reduce the total observed flux by a factor of cos i, and if these discs occupy all the area available, the minimum inclination for all 17 stars observed between 25 Myr and 200 Myr should be i = 66
• , and this is statistically unlikely (P ≈ 3 × 10 −7 ). More plausibly, the data indicate that dust grains occupy only a small fraction of the available space. Interestingly, the existence of narrow rings is corroborated by theoretical models, showing that narrow rings can form quite naturally at white dwarfs (Metzger, Rafikov & Bochkarev 2012; Bochkarev & Rafikov 2011) .
2) Between 200 Myr < t cool < 700 Myr there is a sharp increase in the observed fractional luminosities, with the brightest (τ ≈ 3%) and (modelled as) face on disc detected at 0408-041 (GD 56). In this range of cooling ages the distribution of τ /τ flat looks consistent with random inclinations, as confirmed by the dark grey cumulative histogram. This suggests that dust is now arranged in the form of wider rings filling most of the available space.
3) At t cool > 700 Myr there are only two detected discs with relatively low fractional luminosities (τ < 0.3%, τ /τ flat < 0.05). The small τ values of these discs, together with the decreasing frequency of detections seen at older white dwarfs (top histogram of Figure 4) , suggest that the number of large asteroid disruptions per time bin may be decreasing and hence also the fraction of detectable infrared excesses (Bergfors et al. 2014) . However, it is interesting to note that the inferred metal accretion rates do not show a decreasing trend with cooling age (Koester, Gänsicke & Farihi 2014) , indicating that circumstellar material is present at older stars. This could be explained by the accretion of smaller asteroids, which can still provide continuous accretion, but are less likely to produce detectable amounts of dust.
NOTES ON INDIVIDUAL TARGETS
7.1 Sample stars with infrared excesses 0843+516 and 1015+161. These are two metal polluted white dwarfs ) with known infrared excesses (Xu & Jura 2012; Jura, Farihi & Zuckerman 2007) . The excesses at 7.9 µm lay significantly above the predicted fluxes of both disc models (Figure 2 ), likely due to the presence of a strong silicate emission feature. 1018+410. The infrared excess detected at this star is reported here for the first time. There is no reliable nearinfrared photometry available for this star, and the 2MASS catalogue only reports H = 16.7 ± 0.1 mag. However, ugriz photometry is available from SDSS and the photospheric level of the white dwarf can be well constrained. This degenerate was not observed in the complementary HST survey, and there are no high-resolution optical spectra available. Follow-up should confirm that this is a DAZ white dwarf.
1457-086. This is a known metal polluted white dwarf (Koester et al. 2005 ) that was found to host a narrow dust ring with high inclination and radial extent of only 0.01 R ). The fit to the excess emission with both a narrow and highly inclined disc model show that the optical fluxes might be overestimated and 15% error bars were assumed to obtain a satisfactory fit. The star was not observed in the complementary HST survey and additional optical photometry may better constrain the photospheric flux.
2328+107. With a fractional luminosity of only 0.1% this infrared excess, reported here for the first time, joins an expanding list of attenuated discs (Bergfors et al. 2014; Farihi et al. 2010) . Both JHK and ugriz photometry are available from the 2MASS and SDSS online catalogues and allow to constrain the photospheric level confidently. This degenerate was not observed in the HST survey and highresolution spectra are not yet available but should reveal the presence of metals.
The infrared excess at 1929+012
This star, also known as GALEX 1931, is a metal polluted white dwarf (Vennes, Kawka & Németh 2010 ) with a known infrared excess Melis et al. 2011; Debes et al. 2011a) , included in the Spitzer Program as an ancillary target. Photometry from WISE revealed infrared excess consistent with emission from a dust disc (Debes et al. 2011b ), while ground-based photometry out to L-band indicated significant contamination from background sources in the WISE data (Melis et al. 2011 ). The Spitzer IRAC 3.6 and 4.5 µm photometry of GALEX 1931 confirms the excess emission but is heavily blended with two nearby sources, as shown by the JsHKsL higher resolution images (Melis et al. 2011) . Despite the success in extracting most of the flux, the relatively low spatial resolution of IRAC implies likely contamination in the derived fluxes. Therefore, 10% error bars are conservatively assumed in the resulting photometry. Figure 2 shows all available near to mid-infrared photometry, together with a fiducial disc model. It can be seen that the IRAC fluxes are somewhat lower than the WISE values, but also higher than the ground-based L-band flux. These data indicate mild contamination is likely in the IRAC data and strong contamination is present in WISE.
SUMMARY AND CONCLUSION
Spitzer observations of an unbiased sample of 134 DA white dwarfs yield a disc frequency near 4% in the effective temperature range T eff = 17 000 K − 25 000 K. Complementary HST observations of 85 sample stars reveal that a much larger fraction of at least 27% host circumstellar material, indicating that about 90% of the discs remain undetected in the infrared.
Possible reasons for the lack of infrared detections were investigated. The distribution of observed fluxes compared to photospheric models at 3.6 and 4.5 µm for the subsamples with and without metals point to a population of excesses too subtle to currently confirm. Future observations, for example with JWST using spectroscopy, have the potential to confirm the presence of faint dust discs.
The distribution of the fractional disc luminosities of all known dusty white dwarfs also points towards a hidden population of subtle discs. In addition, this distribution indicates that the disc population evolves over time. Only relatively narrow rings are found at t cool 200 Myr, while relatively extended discs, filling the majority of the space available between the distance at which silicates rapidly sublimate and the stellar Roche limit, occur only after a few hundred Myr. A marked decrease in the observed fractional disc luminosities, as well as a decrease in the frequency of detections towards cooler ages, is seen after this peak, suggesting that the number of large asteroids might be gradually depleted.
This study strongly reinforces the hypothesis that most if not all metal-enriched white dwarfs harbour circumstellar dust, but the majority remain unseen due to low surface area and the sensitivity limits of current instrumentation.
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